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The cuprate high temperature superconduc-
tors develop spontaneous charge density wave
(CDW) order below a temperature TCDW and
over a wide range of hole doping (p). An out-
standing challenge in the field is to understand
whether this modulated phase is related to
the more exhaustively studied pseudogap and
superconducting phases [1, 2]. To address this
issue it is important to extract the energy scale
∆CDW associated with the charge modulations,
and to compare it with the pseudogap (PG) ∆PG
and the superconducting gap ∆SC. However,
while TCDW is well-characterized from earlier
works [3] little has been known about ∆CDW until
now. Here, we report the extraction of ∆CDW
for several cuprates using electronic Raman
spectroscopy. Crucially, we find that, upon
approaching the parent Mott state by lowering p,
∆CDW increases in a manner similar to the doping
dependence of ∆PG and ∆SC. This shows that
CDW is an unconventional order, and that the
above three phases are controlled by the same
electronic correlations. In addition, we find that
∆CDW ≈ ∆SC over a substantial doping range,
which is suggestive of an approximate emergent
symmetry connecting the charge modulated
phase with superconductivity [4–9].
In recent years, many experiments and different tech-
niques have established the ubiquity of CDW order in
cuprates [3]. In particular, these works have deter-
mined TCDW(p), which displays a dome-like shape on the
temperature-doping (T − p) phase diagram, in a fashion
reminiscent of the superconducting dome TSC(p), even
though the former order is present over a much narrower
p-range, and mostly below optimal doping. The CDW
is found to compete with superconductivity [10–16] but
there are indications that the interplay between the two
phenomena might be more complex than a simple com-
petition [17, 18].
The energy scale ∆CDW associated with the CDW has
attracted far less experimental attention, even though
this quantity is crucial to address several important ques-
tions such as the following. (a) First, whether the CDW
is a conventional order i.e., a phase whose existence
can be understood within a scenario of weakly inter-
acting electrons. A tell-tale signature of it would be if
TCDW(p) ∝ ∆CDW(p). On the other hand if their dop-
ing trends are different, as is famously the case of the
superconducting order, it implies unconventional order,
which is a consequence of strongly interacting electrons.
Here we show that this is also the case of the CDW and,
therefore, it is an unconventional order. (b) Second, a
comparison of the magnitudes and the doping dependen-
cies of ∆CDW(p), ∆SC(p) and ∆PG(p) is important to
understand the relation between these three phenomena.
We show that these three energy scales have rather simi-
lar doping evolutions, implying that it is likely that they
have a common origin in terms of a driving electronic
interaction. Moreover, we find that the magnitude of
∆CDW(p) and of ∆SC(p) are comparable over a significant
doping range, which is consistent with a concept that has
gained importance in recent times, namely the presence
of an emergent approximate symmetry that links CDW,
which is a particle-hole instability, with superconductiv-
ity, which is an instability involving particle-particle ex-
citations. This symmetry is exact only at the so called
“hot spots” of the Fermi surface [4–9].
A typical signature of a density wave in Raman spec-
troscopy is the loss of spectral weight of the electronic
continuum at low energy, followed by a recovery of spec-
tral weight at higher energy, as the order sets in as a func-
tion of temperature [20]. In the cuprates, however, since
TCDW < T
∗, the characteristic PG temperature, one
technical challenge is to distinguish CDW from the loss
of spectral weight due to the PG itself [21]. As we show
below, this can be overcome by studying the B2g Raman
response, which preferentially probes the nodal regions
of the Brillouin zone (Fig. 1), and where PG effects are
known to be minimal [22]. This intuition is further aided
by the fact that the Bloch states that are expected to
reconstruct the most due to the CDW are in between
the nodal and the anti-nodal regions, as indicated by the
CDW ordering vectors Qx and Qy on Fig. 1. [3, 23].
Therefore, we anticipate that the B2g Raman geometry
should be most favorable to search for a signature of the
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FIG. 1. (Color online). The white region represents the
tight-binding Fermi volume of hole-doped cuprates in the first
Brillouin zone calculated from [19], (see SI). Red arcs indi-
cate the actual experimental Fermi surface observed e.g. by
photo-emission [2]. The Qx and Qy ordering vectors repro-
duce the bi-collinear CDW, as observed e.g. with X-rays [3].
Green zones highlight the nodal regions that are probed in
the B2g Raman response.
CDW.
A second technical challenge, from a materials point
of view, is to identify the cuprates family which has
the cleanest CuO2 layer where the CDW order can
set in. Here, we identified the inner CuO2 layer of
HgBa2Ca2Cu3O8+δ (Hg-1223) to be most suitable be-
cause it is homogeneously doped and screened from out-
of-plane disorder by the outer planes, as demonstrated
by the analysis of the 63Cu-NMR line-width [24, 25].
We performed electronic Raman scattering measure-
ments on Hg-1223 single crystals grown with a single
step synthesis [26]. Given the positive results in Hg-1223
(see below), we also measured single crystals from the
HgBa2CuO4+δ (Hg-1201) and the YBa2Cu307−δ (Y-123)
families in order to demonstrate that the CDW signature
in Raman response is present in several types of cuprates.
The experimental details are given in the Supplementary
Information (SI).
Our first central observation is that the B2g Raman
response χ′′B2g (ω, T ) of an underdoped Hg-1223 crystal
displays a well defined gap-structure, typical of a density
wave, at 120 K, which is above Tc = 117 K but below the
pseudogap temperature T ∗≈ 360 K as defined from the
NMR Knight shift at this doping level [24] (Fig.2 (a)). It
is characterized by a hump in the electronic background
centered around 2∆CDW = 1050 cm
−1, which we take as
the energy scale associated with the CDW order. It is
accompanied below 750 cm−1by a depletion with respect
to the background measured at 280 K, as better shown
in Fig.2 (b) by χ′′B2g (ω, T )−χ′′B2g (ω, 280 K). As the tem-
perature increases, the low energy electronic depletion
fills up while the hump at 2∆CDW decreases in intensity,
until it disappears at TCDW ≈ 250 K, as shown by the
integrated hump area in the inset. Note that, since the
PG signature is known to be very weak in the B2g Raman
response, this allows us to observe the CDW gap. The
B1g Raman response, on the other hand, shows clear loss
of spectral weight related to the PG which starts above
280 K (see Fig. 7(d) in the SI).
Furthermore, we find that a very similar CDW gap
structure is also observed in the B2g Raman response of
under-doped Hg-1201 and Y-123 cuprates, which have
one and two CuO2 layers, respectively (Fig. 2(c, d)).
The CDW hump is located around 2∆CDW ' 1200 cm−1
for the Hg-1201 crystal (Tc =72 K, p=0.09) while it is
around 1000 cm−1 in the case of Y-123 crystal (Tc = 54
K, p=0.10). These features disappear around TCDW ≈
200 K and 140 K, respectively. In the under-doped Y-
123 compound the low frequency loss of spectral weight
is less pronounced, possibly masked by the phonon peaks
at those frequencies, or because of oxygen disorder in the
Cu-O chain and of twinned crystals. Nevertheless, the
results show that the CDW gap structure is a common
feature of the B2g responses of the under-doped cuprates.
Next we show theoretically that the formation of the
CDW leads to a B2g signal with low-frequency deple-
tion followed by a hump at a higher frequency, which is
qualitatively in line with what is reported in Fig. 2. We
consider the simplest tight-binding model of the cuprates
H0 =
∑
k ξk c
†
kck, where ξk is the electron energy disper-
sion (whose Fermi surface is displayed in Fig.1) on the
two dimensional square lattice that describes the Cu-O
planes (see SM and Ref.[19]). k is the Bloch wave-vector
in the reciprocal space. To this we add the CDW po-
tential [27] HCDW =
∑
k,Q fQ(k)c
†
k+Q/2ck−Q/2, with
fQ(k) = VCDW (cos kx − cos ky). We suppress the spin
index since it does not play in role in the following.
Qx = (pi/2, 0) and Qy = (0, pi/2) describe a bi-collinear
charge modulation of four unit-cell periodicity in the x
and y directions [3]. We ignore that in the real systems
the order may be incommensurate, since we do not expect
that this simplification will affect the result qualitatively.
Furthermore, since we are mostly interested in the B2g
response where the PG is weak, we do not include it in
the calculation. It is useful to keep track of the mod-
ifications of the dispersion brought about by the CDW
potential. In Fig. 3 (a) and (b) we plot the spectral
density, A(k, ω) (see SI), along the path (0, pi) → (pi, 0)
for VCDW = 0 and VCDW 6= 0, respectively. In the first
case the band crosses the Fermi level (ω = 0) at two
Fermi points kf1 and k
f
2 . However, in the CDW phase a
wide spectral weight re-distribution takes place: even if
full gaps do not open at the Fermi level [28], cone-like
bands appear above and under the Fermi level. This is
the effect of the folding of the original bands into the 16-
time reduced Brillouin zone. Notice that in the unoccu-
pied side (ω > 0) close to the nodal region, the cone-like
bands have sizable spectral weight (indicated by the tips
of the arrow in Fig.3 (b)). Consequently, we expect that
the CDW inter-band transition (marked by the arrow)
produces a significant signature in the B2g nodal Raman
response at an energy close to the arrow length, ω↑/t. In
Fig. 3 (c) we show the difference between the B2g Raman
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FIG. 2. (Color online). (a) Temperature dependence of the B2g (nodal) Raman responses of HgBa2Ca2Cu3O8+δ compound
above Tc = 117 K. (b) The same responses, after subtracting the one at 280 K to highlight the CDW gap structure (dip and
hump). In the inset, we show the CDW hump area as function of temperature. Temperature dependence of the B2g Raman
response of (c) HgBa2CuO4+δ (Hg-1201) with Tc =72 K and of (d) YBa2Cu307−δ (Y-123) with Tc = 54 K. In the insets, we
display the difference between the Raman responses measured at Tc and the the ones at TCDW.
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FIG. 3. (Color online). Theoretical spectral density without
(a) and with (b) CDW order along the (0, pi) → (pi, 0) path
in the first quadrant of the Brillouin Zone. (c) Difference
between the theoretical B2g Raman responses with and with-
out the CDW potential which highlights the dip-hump CDW
feature.
responses calculated with and without the CDW poten-
tial ∆χ′′B2g (ω) ≡ χ′′B2g (ω, VCDW)− χ′′B2g (ω, 0). We note
the the dip-hump feature in ∆χ′′B2g (ω), where the posi-
tion of the hump is ω = 2∆CDW ' 1.4t ' ω↑ ∝ 2VCDW,
in qualitative agreement with Fig. 2(b).
Our next goal is to map out the doping dependence of
TCDW(p) and the energy scale ∆CDW(p). The left panel
of Fig. 4 displays the temperature dependence of the
B2g responses of various Hg-1223 samples, from an under-
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FIG. 4. (Color online). Left panels: Temperature dependence
of the B2g Raman responses of several under-doped Hg-1223.
Tc = 105 K (p = 0.11), Tc = 117 K (p = 0.12), Tc = 127 K
(p = 0.14), and Tc = 133 K (p = 0.16). The doping levels
were estimated from the empirical Presland-Tallon’s law [29].
Right panels: Difference between the SC Raman response at
the lowest temperature and the Raman response at TCDW.
The shaded red form is a guide for the eyes to follow the
doping dependence of the CDW energy gap 2∆CDW.
doped (p = 0.11) to an optimally doped (p = 0.16) one.
4As in Fig. 2, for each compound, TCDW(p) is extracted
from the disappearance of the hump. Similar analysis
was performed on Raman spectra of the Hg-1201 and
Y-123 (shown in Fig. 2 and in the SI, Fig. 8). Our
extracted TCDW(p) matches very well with that obtained
with other techniques, as reported in Fig. 6 of the SI.
This is additional confirmation that the hump feature
highlighted in Fig. 2 is indeed related to the CDW.
Next we focus on the energy scale ∆CDW(p). Since
an order is fully developed only at zero temperature,
ideally ∆CDW should be determined from the spectra
at the lowest available temperature. However, in the
cuprates, the situation is complicated by the appearance
of superconductivity. Nevertheless, while the intensity
of the hump has strong T dependence, its position
changes little with temperature, therefore we can still
keep track the CDW hump in the superconducting
phase. Consequently, we can estimate ∆CDW from
the lowest T superconducting spectra without having
to weaken superconductivity, e.g. with high magnetic
field. Notice that superconductivity gives rise to a
2∆N peak in the B2g spectra, which has been widely
studied in previous works [21, 30, 31]. We shall not
consider it here, but rather focus on the CDW hump,
which is better indicated by the shaded red region on
χ′′B2g (ω, T ' 10K)−χ′′B2g (ω, TCDW), as displayed in the
right side of Fig. 4. The most striking feature is that,
with increasing p, the 2∆CDW energy scale decreases. In
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FIG. 5. (Color online). (a) Doping dependence of ∆CDW
(filled symbols) and TCDW (open symbols) for Hg-1223 (tri-
angles) and Y-123 (squares) cuprates, showing the unconven-
tional character of the CDW phase. Data for Hg-1223 and
Y-123 cuprates are extracted from Fig. 4 and Fig. 2 and
from the SI (Fig.8). The continuous and doted lines are guide
for the eyes; (b) ∆CDW, ∆SC and ∆PG display the same dop-
ing dependency, in particular ∆SC and ∆CDW are close in
energy.
fact, we immediately note that ∆CDW(p) is monotonic
and does not follow the dome-like shape of TCDW(p)
(see Fig. 5(a)). We also report a similar analysis for the
Y-123 compound (see Fig. 2 and Fig. fig:S3 of SI). In
other words, the transition temperature and the energy
scale associated with the CDW are not proportional
to each other. This is reminiscent of the dichotomy
between the dome-like behavior of the superconducting
Tc (p) and the anti-nodal superconducting gap ∆SC(p),
which is a hallmark of an unconventional order, i.e. an
instability that cannot be understood within scenarios
of weakly interacting electrons. In Fig. 5(b) we finally
compare the doping dependency of the energy scales
2∆CDW(p) with the pseudogap 2∆PG(p) and the su-
perconducting 2∆SC(p). This latter is measured from
the antinodal B1g response and gives direct access to
the pairing energy scale, contrary to the nodal Raman
2∆N, which is strongly dependent on the length of the
Fermi arcs around the nodes [21]. For the Hg-1223
compound 2∆SC(p) and 2∆PG(p) are extracted from the
B1g Raman response reported in Fig. 7 (a) and (b) of the
SI and elsewhere [32, 33]. One remarkable point is that
2∆CDW(p), 2∆SC(p) and 2∆PG(p) have the same doping
dependency which suggests that all these three energy
scales are governed by the same electronic interaction.
Equally remarkable is the fact that ∆CDW(p) ≈ ∆SC(p)
over a significant doping range. Such near equality of
energy scales is an essential perquisite to relate CDW
and superconductivity by an emergent approximate
symmetry, as it has been proposed in several recent
theories [1, 4–9]. Consequently, our finding will provide
important impetus to theories that propose an intimate
link between high temperature superconductivity and
CDW in the under-doped cuprates.
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5SUPPLEMENTARY INFORMATION
A. Details of the electronic Raman experiments
Raman experiments have been carried out using a JY-
T64000 spectrometer in single grating configuration us-
ing a 600 grooves/mm grating and a notch filter to block
the stray light. The spectrometer is equipped with a ni-
trogen cooled back illuminated CCD detector. We use
the 532 nm excitation line from a diode pump solid state
with laser power maintained at 4 mW. Measurements be-
tween 10 and 300 K have been performed using an ARS
closed-cycle He cryostat. This configuration allows us
to cover a wide spectral range (90 cm−1 to 2500 cm−1)
with a resolution sets at 5 cm−1. Spectra have been ob-
tained in one frame. Each frame is repeated twice to
eliminate cosmic spikes. All the spectra have been cor-
rected for the Bose factor and the instrumental spectral
response. They are thus proportional to the imaginary
part of the Raman response function χ′′(ω, T ). The di-
rection of incident electric field is contained in the (ab)
plane. The B2g and B1g geometries are obtained from
crossed polarizations, respectively, along and at 45◦ form
the Cu-O bond directions. They respectively give access
to the nodal region (along the diagonal of the Brillouin
zone) and to the anti-nodal region (along the principal
axes of the Brillouin zone). The crystal is rotated using a
Attocube piezo-rotator ANR 101 put inside the cryostat.
B. Comparison with previous experiments
The TCDW(p) values extracted from the Raman spectra
of Fig.2 and Fig.4 of the article and Fig.8 of the SM, draw
a dome like shape in a very similar way than the doping
dependence of the onset temperature of the CDW order,
TCDW(p), already reported in Hg-1223, Y-123 and Hg-
1201 [34–37] (see Fig.6 (a), (b) and (c)).
In the absence of X-ray scattering data for Hg-1223,
we have used the criterion of maximum of 1/T1T vs T
to define the onset of CDW correlations. Although very
few NMR studies have been performed on Hg-1223 [24,
25], the doping dependence of the 1/T1T values (orange
triangles) fit pretty well with TCDW(p) (red filled circles)
as shown in Fig.6 (a). It was recently realized that the
maximum in 63Cu 1/T1T curve (where T1 is the spin-
lattice relaxation time) coincides with TCDW in YBCO
[36, 38]. This suggests that 1/T1T is not related to the
pseudogap (as supposed earlier) but rather to the CDW
order.
C. Superconducting gap and Pseudogap in Raman
spectroscopy
We display in Fig.7 (a) and (b) the superconducting
B1g Raman responses of Hg-1223 for two distinct doping
levels p=0.16 (Tc =133K) and p=0.12 (Tc =117K). They
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FIG. 6. (Color online). T − p phase diagrams of (a) Hg-
1223, (b) Y-123 and (c) Hg-1201. In panel (a), the TCDW
values (extracted from the Hg-1223 Raman spectra of Fig. 4
of the article) are well matched with the NMR data [24, 25].
T ∗ values were determined from Raman (present and earlier
works [32, 33]), NMR [24], infrared [39]and resistivity [40]
measurements. In panel (b) the TCDW (extracted from the
Y-123 Raman spectra of Fig.2 (d) of the article and Fig.8
of the SM) are quite consistent with TCDW(p) obtained from
XRD and NMR [13, 14, 35, 36, 38]. T ∗ values were obtained
from neutron [41] and Nernst [42] measurements. In panel (c),
the TCDW value (extracted from the Hg-1201 Raman spectra
of Fig.2 (c) of the article) fits well with the TCDW(p) curve
reported by X-ray and transient reflectivity data [37, 43, 44].
T ∗ values were obtained from Raman [45], resistivity [46] and
neutron measurements [47, 48].
exhibit respectively a pair breaking peak at 2∆SC ≈ 800
cm−1and ≈ 1150 cm−1. We can also observe that each
2∆SC peak is associated on its right energy side to a dip in
the electronic continuum. In previous works, we showed
6this peak-dip structure detected in the superconducting
B1g Raman response results from the interplay between
the PG and the SC gap, and can be smoothly connected
to the PG appearing in the electronic spectrum above Tc
[32, 33]. Interestingly, the energy of the dip end detected
in the superconducting B1g Raman response corresponds
to the end of the energy range where the loss of spectral
weight associated with normal state PG sets in. This is
pointed out for the two distinct doping level by dotted
line in panels (a),(c) and (b),(d). 2∆PG is determined
from the energy of the dip end or the end of the energy
range of the PG depletion. 2∆PG ≈ 1700 cm−1for p=0.16
and 2∆PG ≈ 2000 cm−1for p=0.12.
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function of optimally doped Hg-1223 (p=0.16, T
c
=133 K) and
under-doped Hg-1223 (p=0.12, T
c
=117K) below T
c
(a) and
(b) and above T
c
(c) and (d) respectively. 2∆
SC
and 2∆
PG
are clearly distinct for each doping level.
D. Raman response of underdoped Y-123 (UD 67)
In Fig.8 we show the B
2g
Raman response function of
the underdoped Y-123 (T
c
= 67 K, p=0.13). Even if in
this compound is certainly more difficult to detect the
CDW, possibly because of oxygen disorder in the Cu-O
chains and crystals are twinned, the 2∆
CDW
is observed
as a hump centered around 600 cm
−1
in the Raman spec-
tra (see inset). T
CDW
≈ 140 K is the temperature for
which the hump collapses.
E. Theoretical calculations of the B
2g
response
within a CDW phase
In order to have a cuprate band structure close to the
one that we considered in the experiments, we adopt in
ξ
k
the band parameters of the Hg-1201 provided by ab-
initio calculations[19]: t
′
/t = −0.2283, t
′′
/t = 0.1739,
t
′′′
/t = −0.0435, and we fix the hole doping p = 0.12,
where the CDW phase is strongest on the phase diagram.
For the CDW coupling we take V
CDW
/t = 0.20, which
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FIG. 8. Temperature dependence of the B
2g
Raman response
function of the underdoped Y-123 (T
c
=67 K, p=0.13) above
T
c
. In the inset we display the difference between the Raman
responses measured just above T
c
and the the ones at T
CDW
.
∆
CDW
≈ 600 cm
−1
. The same linear background has been
subtracted from all the Raman responses
is a reasonable order of magnitude for these systems[28].
The bi-collinear charge modulation described by H
CDW
describes a four unit-cell periodicity in both the x and
y directions. We can therefore work in the Brillouin
zone reduced 16 times by the ordering vectors Q
n
=
n
1
Q
x
+ n
2
Q
y
, where Q
x
= (pi/2, 0) and Q
y
= (0, pi/2)
and n
1
, n
2
= 0 . . . 3. We can rewrite the Hamiltonian:
H = H
0
+H
CDW
[28]:
H =
∑
k
′
∈RBZ
∑
n
1
,n
2
=0...3
ξ
k
′
+Q
n
c
†
k
′
+Q
n
c
k
′
+Q
n
+
+ f (k
′
+ Q
n
−Q
x
/2) c
†
k
′
+Q
n
c
k
′
+Q
n
−Q
x
+
+ f (k
′
+ Q
n
−Q
y
/2) c
†
k
′
+Q
n
c
k
′
+Q
n
−Q
y
+
+ h.c. (1)
We can express then the Hamiltonian as a 16×16 ma-
trix
ˆ
H [28]: H =
~
ψ
†
(
ˆ
H)
n,n
′
~
ψ, where we introduce the
Nambu notation
~
ψ = (c
k
′ . . . c
k
′
+n
1
Q
x
+n
2
Q
y
. . . ). The
corresponding Green’s function is given by
ˆ
G(k
′
, ω) =
(ω+ ıη−
ˆ
H)
−1
, where η = 0.20t is a small imaginary part
used to display on the real ω axis. The spectral function
can been then obtained
ˆ
A(k
′
, ω) = −=
ˆ
G(k
′
, ω)/pi, and
the spectra on the original Brillouin zone displayed in
Fig.3 (a) and (b) of the article can be derived by unfold-
ing the reduced Brillouin Zone A(k, ω) =
∑
n
ˆ
A(k
′
+
Q
n
, ω)
n,n
. The Raman B
2g
response displayed in Fig.3
(c) of the article is calculated (at T = 0) with the first
order bubble approximation:
χ
′′
B
2g
(Ω) =
∑
k
′
∈RBZ
∫
0
−ω
dωTr
[
ˆ
Γ
k
′
ˆ
A(k
′
, ω)
ˆ
Γ
k
′
ˆ
A(k
′
, ω)
]
where (
ˆ
Γ
k
′)
n,n
′ = ∂
2
ξ
k
/∂k
x
∂k
y
|
k
′
+Q
n
δ
n,n
′ is a 16×16
B
2g
Raman vertex matrix in the reduced Brillouin zone.
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